various tissues, which is accompanied by drastic morphological and biochemical 23 modifications especially in the proventriculus. This key step represents a bottleneck 24 for salivary gland infection. Here we monitored flagellum assembly in trypanosomes 25 during differentiation from the trypomastigote to the epimastigote stage, i.e. when the 26 nucleus migrates to the posterior end of the cell. Three-dimensional electron microscopy 27 (Focused Ion Bean Scanning Electron Microscopy, FIB-SEM) and immunofluorescence 28 assays provided structural and molecular evidence that the new flagellum is assembled 29 while the nucleus migrates towards the posterior region of the body. Two major 30 differences with well known procyclic cells are reported. First, growth of the new 31 flagellum begins when the associated basal body is found in a posterior position relative to 32 the mature one. Second, the new flagellum acquires its own flagellar pocket before rotating 33 on the left side of the anterior-posterior axis. FIB-SEM revealed the presence of a structure 34 connecting the new and mature flagellum and serial sectioning confirmed morphological 35 similarities with the flagella connector of procyclic cells. We discuss potential function of 36 the flagella connector in trypanosomes from the proventriculus. These findings show that 37 T. brucei finely modulates its cytoskeletal components to generate highly variable 38 morphologies. 39
Author Summary 40
Trypanosoma brucei is a flagellated parasitic protist that causes human African 41 trypanosomiasis, or sleeping sickness and that is transmitted by the bite of tsetse flies. The 42 complex life cycle of T. brucei inside the tsetse digestive tract requires adaptation to 43 specific organs and follow a strictly defined order. It is marked by morphological 44 modifications in cell shape and size, as well organelle positioning. In the proventriculus of 45 tsetse flies, T. brucei undergoes a unique asymmetric division leading to two very different 46 daughter cells: one with a short and one with a long flagellum. This organelle is crucial for 47 the trypanosome life cycle as it is involved in motility, adhesion and morphogenesis. Here 48 we investigated flagellum assembly using molecular and 3D Electron Microscopy 49 approaches revealing that flagellum construction in proventricular trypanosomes is 50 concomitant with parasite differentiation. During flagellum growth, the new flagellum is 51 connected to the mature one and rotates around the mature one after its emergence at the 52
Introduction 59
Trypanosoma brucei is a flagellated parasite responsible for African 60 trypanosomiasis that affects humans and cattle. This parasite is transmitted by the bite of a 61 tsetse fly that itself was infected by ingesting trypanosomes during a blood meal on an 62 infected mammalian host . T. brucei exhibits a complex life cycle in which a series of 63 duplication and differentiation processes follow a very ordered progression along the 64 digestive tract of tsetse flies (1) (2) (3) (4) (5) (6) . When the fly is feeding on an infected mammal, 65 bloodstream trypanosomes are ingested and differentiate into the procyclic form that 66 colonize the posterior midgut (1) . Then, procyclic cells migrate from the posterior midgut 67 to the proventriculus (PV, also known as cardia) where they undergo several modifications 68 before reaching the salivary glands. This is a critical step in parasite development and 69 actually represents the major bottleneck for a successful life cycle (7) . The only human-70 infective parasites are called metacyclic trypanosomes and are produced in the salivary 71 glands to be released in the saliva (3-5,8). The successive trypanosome adaptations to 72 these different environments include at least metabolic switching, expression of various 73 stage-specific surface molecules and dramatic changes in morphology (1, 3, 5, (9) (10) (11) . 74
The basic cell organization of T. brucei is characterized by the presence of a 75 flagellum that is attached to the cell body, a nucleus, a single large and ramified 76 mitochondrion whose genome is concentrated in a structure named kinetoplast (9), which 77 is associated to the basal body of the flagellum through the tripartite attachment complex 78 (12,13). Along their life cycle, trypanosomes exhibit different morphologies classified 79 according to the relative position of the nucleus and the kinetoplast along the antero-80 posterior axis of the cell. The posterior position of the kinetoplast in relation to the nucleus 81 defines the trypomastigote morphology, whereas the anterior position defines the 82 epimastigote morphology (14) . 83
The flagellum is a cylindrical microtubule-based structure composed of the basal 84 body made of 9 microtubule triplets followed by the transition zone (TZ) (9 microtubule 85 doublets) and the axoneme that displays a classical 9+2 structure with nine microtubule 86 doublets and two central singlets. An extra axonemal structure named the paraflagellar rod 87 (PFR) is connected to doublets 4-7 of the axoneme after flagellum emergence from the 88 flagellar pocket (9). The trypanosome cell shape is defined by a corset of subpellicular 89 microtubules found underneath the plasma membrane with the exception of a single region 90 of the body, the flagellar pocket from where the flagellum emerges (9,15,16). The flagellar 91 pocket is an invagination of the plasma membrane forming a bulb-like structure. When 92 trypanosomes enter the cell cycle, one of the morphological hallmarks is the assembly of a 93 new flagellum (15) . In procyclic cells, flagellum construction is characterized by the 94 maturation of an existing pro-basal body followed by the elongation of a new TZ and in multiple important functions of the parasite during the tsetse infection cycle, such as 103 migration from the midgut to the foregut, and adhesion to the salivary gland epithelium 104 (1, 5, 8, 22, 23) . Moreover, it plays a crucial role in cell morphogenesis (24,25). Finally, it 105 could act as potential environmental sensor (5,26,27). 106
The effective success of T. brucei transmission to a new vertebrate host relies 107 solely on the metacyclic form, the last developmental stage in the vector that is released 108 together with the insect saliva during the blood meal (5,8). To produce metacyclic 109 trypanosomes, parasites need to colonize the salivary glands. This is presumably ensured 110 by the short epimastigote form that is issued from an asymmetric division taking place in 111 the PV (3,10,28). The PV is an organ that separates the midgut from the foregut and 112 produces the peritrophic matrix, a structure composed of chitin and glycoproteins acting as 113 a physical and biochemical barrier that protects the epithelium from the potentially toxic 114 effects of bloodmeal and pathogens (29, 30) . 115
Drastic morphological modifications are taking place in the PV. Parasites first 116 exhibit the trypomastigote morphology and the nucleus changes from an oval to an 117 elongated shape, the body length increases and the distance between the nucleus and the 118 kinetoplast decreases until the nucleus occupies a more posterior position assuming an 119 epimastigote morphology (10). The epimastigote form enters in a single duplication cycle 120 where a mother cell gives rise to two different daughter cells: a short and a long 121 epimastigote (3,10). In this asymmetric division the long epimastigote inherits the long 122 mature flagellum while the short epimastigote possesses the newly assembled, but much 123 shorter flagellum, around 10-fold (4,10). The ultrastructural characterization of the Glossina morsitans morsitans teneral males were fed with medium SDMG enriched with 154 10 mM glutathione containing 5 x 10 6 trypanosomes/ml. Flies were starved for at least 24 155 h before dissection performed at 14 or 21 days after infection. Tsetse were scrutinized 156 under a M165FC stereo microscope (Leica) for fluorescent parasites emitted by the 157 TdTomato protein that is visible through the tsetse fly cuticle (32). A total of 33 flies were 158 dissected and the whole alimentary tract removed and placed on a glass slide containing a 159 drop of PBS for immunofluorescence or in cold cacodylate buffer for Electron Microscopy 160
Immunofluorescence assay 162
Proventriculi of 12 infected flies were placed in a single 100 µl drop of PBS (pH 163 7.6) on poly-L-lysine coated slides (J2800AMMZ; Thermo Fisher Scientific). The PVs 164
were dilacerated using two 26 gauge needles to release trypanosomes. Cells were left for 5 165 min to settle before fixation in cold methanol for 10 sec followed by a rehydration step in 166 PBS for 15 min. For immunodetection, slides were incubated for 1 hour at 37° C in 0.1% 167 BSA in PBS with anti-FTZC 1:500 (rabbit polyclonal), which recognizes a protein termed 168 flagellum transition zone component localized in the transition zone (34) and with mAb25 169 1:10 (IgG2a) a mouse monoclonal antibody, which recognizes the axonemal protein 170 TbSAXO1 (35,36). After three 5-min washes in PBS, slides were incubated for 1 h at 37° 171 C with anti-mouse antibodies coupled to Cy5 (Jackson) and with anti-rabbit antibodies 172 coupled to Alexafluor-488 (Invitrogen) diluted 1:500 in PBS. Slides were washed three 173 times for 5 min in PBS and DNA was labeled with DAPI (10 µg.mL−1). Slides were 174 mounted in ProLong antifade (Invitrogen) and analyzed with a DMI4000 microscope 175 (Leica), objective 100x 1.4 NA and images were acquired with an ORCA-03G camera 176 (Hamamatsu). Image acquisition was performed using Micromanager software. 177
Electron microscopy 178
For EM sample preparation, the entire digestive tracts of 11 flies were placed in a 179 with one TZ (magenta) and one axoneme (green). However, 24% (n = 16) of 230 trypomastigotes with an oval nucleus possessed a second spot for FTZC ( Fig 1B) which is 231 lateral and in close proximity to the mature one ( Fig 1B) . A trypomastigote containing an 232 elongated nucleus and a flagellum with one TZ and one axoneme is shown in Fig 1C. A 233 second fluorescent signal for FTZC was also observed in trypomastigotes with elongated 234 nucleus ( Fig 1D) . Cells containing a second fluorescent signal for FTZC represented 54% 235 of this population (n = 60) ( Fig 1D) . In 21% of these trypanosomes, a tiny mAb25 signal 236 was observed following the FTZC signal ( Fig 1D) . The increase in distance between the 237 two signals for FTZC and a more posterior position of the new flagellum in relation to the 238 mature one is presumably due to migration of the basal body of the new flagellum (Fig  239   1D ). The length of the mAb25 signal increased in trypanosomes where the nucleus was 240 migrating towards the posterior end during the differentiation process from trypomastigote 241 to epimastigote ( Fig 1E) . When the nucleus was positioned at the level of the kinetoplast, 242 cells could no longer be defined as trypomastigote or epimastigote, hence they have been 243 termed "transition forms". In 100% of transition forms cells a second signal for the TZ 244 and for mAb25 were observed. Cells with positive signal for both FTZC and mAb25 signal 245 in different morphotypes have been quantified (Suppl. Fig 1) . 246 trypomastigotes with an elongated nucleus ( Fig. 2 and video 1) . Figure 2A shows the 270 ultrastructural organization of a trypomastigote cell containing a short new flagellum 271 closely associated to the mature one. New and mature flagella were segmented including 272 the flagellar membrane. This parasite was selected for 3D reconstruction (Fig. 2B, C and 273 D). The new flagellum (orange) is closely located to the kinetoplast (purple) ( Fig. 2A and  274 B), and is composed of a TZ, a 9+0 microtubule doublet structure in continuity with the 275 basal body (Fig. 2 C, white arrowhead) , and a short axoneme of 968 nm in length (from the 276 basal plate of the TZ to the tip), which is entirely enclosed by the flagellar pocket ( Fig. 2A  277 and B). The basal bodies are close to each other and separated by only 440 nm. The bottom 278 view of the cell allows the visualization of the entire elongated nucleus (blue) that is 6.8 279 µm long and occupies a large portion of the cell body (Fig. 2C) . The most posterior end of 280 the nucleus is separated from the kinetoplast center by 1.8 µm. Figure 2D shows the top 281 surface view of the cell body and confirms that only the mature flagellum (red) emerges 282 from the flagellar pocket ( Fig. 2D ). 283 Figure 3A shows a section of a trypomastigote cell with the basal body ( Fig. 3 C,  284 white arrowhead) of the new flagellum, which is found in a posterior position relative to 285 the mature one ( Fig. 3 C, black arrowhead) . The basal bodies are separated by 700 nm. The 286 axoneme reaches 1.2 µm and emerges from the flagellar pocket in a posterior position 287 relative to the mature flagellum ( Fig. 3B and D) . The nucleus is closer to the kinetoplast, as 288 they are separated by only 819 nm ( Fig. 3C and video 2) . 289
For transition forms, parasites were subdivided into early transition form ( Fig. 4A-290 D) and late transition form according to the relative nucleus-kinetoplast position (Fig. 4E-291 G). In an early transition form, the kinetoplast is enlarged (Fig. 4A ) possibly reflecting the 292 duplication of the mitochondrial genome (10). The basal body of the new flagellum is 293 located close to the posterior tip of the kinetoplast (Fig. 4B ) and the axoneme measures 2.8 294 µm. The nucleus and the kinetoplast are occupying the same plane reflecting the moment 295 when the nucleus reaches the posterior tip of the kinetoplast (Fig. 4B and C) . This is 296 accompanied by an obvious nucleus deformation (Fig. 4C ). trypomastigote cells, its whole length is 1.5 µm (n = 12), a value that culminates at 316 2.9 µm (n = 7) in transition forms. 317
We analyzed 79 trypanosomes during the formation of the new flagellum by using 318 FIB-SEM. The tip of the new flagellum was not visible in 8 cells, but in the 71 other ones 319 an electron-dense structure was observed between the tip of the new flagellum and the side 320 of the mature flagellum. This electron-dense structure seems to connect the new flagellum 321 and the mature one, similar to the flagella connector observed in procyclics (18, 19, 21) . 322
However, the resolution provided by FIB-SEM is not sufficient to analyze its ultrastructure 323 in details. Therefore, we turned to TEM analysis of serial sections, an approach that 324 provides more resolution for structural investigations. 325
326
The new and the mature flagella are associated via a flagella connector structure 327 Three 80 nm-thick serial sections of a trypomastigote cell with two flagella are 328 shown at Fig. 6 . In this cell, a tiny new flagellum is located inside the flagellar pocket, 329 which is shared with the mature flagellum ( Fig. 6A-D) . This is the earliest stage of 330 flagellum duplication in a trypomastigote cell that could be observed by TEM. The new 331 flagellum consists of a TZ, a basal plate, and a short axoneme (Fig. 6E) Trypanosome duplication is well documented in procyclic and bloodstream forms. 342
Differentiation from one stage to the other has been well investigated for bloodstream to 343 procyclic conversion (39-41). By contrast, trypanosome development in the tsetse PV is 344 still poorly understood (28). This is explained by the lack of in vitro culture for parasites 345 from PV and therefore requires the dissection of a large number of flies which is time-346 consuming and demands experienced staff. 347
In this paper, we revisited the process leading to the asymmetric division and the 348 production of long and short epimastigotes in the tsetse proventriculus ( Fig. 7) . It was 349 thought that the order of the events was first the differentiation of trypomastigotes into 350 epimastigotes that was previously inferred to follow a series of cellular modifications 351
according to a precise chronological plan: (1) nucleus migration to the posterior region of 352 the body, followed by (2) new flagellum assembly, (3) duplication of the kinetoplast and 353 (4) mitosis, ending with (5) cytokinesis to produce one long and one short epimastigote 354 cells (3,10,28). Here, we show that the assembly of the new flagellum is rather initiated 355 before nucleus migration in trypomastigotes ( Fig. 7 step 1) . (Fig. 7 steps 1) . This is supported by molecular evidence with a second 361 FTZC signal which is localized in the TZ in trypomastigote parasites with an oval nucleus. 362
Detection of TbSAXO1 indicates that the new flagellum is in a more advanced stage of 363 assembly and correlates with a morphological change in the nucleus from oval to 364 elongated. Such cells types could not have been detected in previous studies because 365 flagellum specific markers were not included (3,10). By DAPI staining and by EM 366 approaches, only one kinetoplast could be observed (10), hence leading to an 367 underestimation of the number of cells that already have initiated assembly of a short new 368 flagellum. Consistent with molecular data, integrated analyses of FIB-SEM results and 369 TEM serial sections provided support for the following series of events ( Fig. 7 steps 2 -5 In all trypanosomes that exhibited two flagella observed by FIB-SEM, an electron-397 dense structure located at the tip of the new flagellum connecting the lateral aspects of both 398 flagella was detected. TEM serial sections showed that this structure looks similar to the 399 flagella connector described in procyclic trypanosomes (19,21,43). The flagella connector 400 is a three-layered transmembrane junction that joins the tip of the new flagellum to the side 401 of the mature one and is only present during the duplication cell cycle in procyclic 402 trypanosomes. However, it is absent in bloodstream trypomastigotes (18, 19, 44) . A flagella 403 connector structure has previously been observed in trypanosomes from PV by TEM (10). 404
However, the morphotype could not be determined because the nucleus and the kinetoplast 405
were not in the plane of the section. 406
The flagella connector structure of PV trypanosomes is detected at the early stages 407 of flagellum assembly and persists to the late transition forms. We hypothesize that the 
